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ABSTRACT
The presence of accumulated toxic protein aggregations such as amyloid-β, tau, and αsynuclein are implicated in the development of neurodegenerative diseases such as Alzheimer’s
(Soto 2003). Thus, the clearance or removal of these harmful byproducts in healthy brain aging
previously represented an unknown system whose functionality is likely to be clinically
significant. The finding that directional flow of CSF and interstitial fluid through the brain
ensures brain clearance sparked numerous research projects which sought to elaborate on what is
now known as the glymphatic system. After initial research revealed the fundamentals of the
glymphatic system, scientist J. Iliff defined it as a macroscopic waste clearance system
originating from a unique system of perivascular tunnels, supported by astroglial cells, which
functions to promote the efficient removal of soluble proteins and metabolites from the central
nervous system (Iliff 2012).
Now that several years have passed, numerous research groups have investigated the
development, functionality, and structural components of the glymphatic system. In an effort to
consolidate all of this information, PhD student Martin Kaag Rasmussen created an in-depth
review paper on all topics related to the glymphatic system and fluid transport in the brain. In
addition to creating effective resources on the glymphatic system, other research groups such as
Tuomas Liliusm, et. al have launched investigation into its clinical applications—particularly as
a route for targeted delivery of therapeutic drugs. Ultimately, in order to ensure these
researchers’ literature is most effective in informing its readers, I volunteered to create
illustrations to supplement a scientific field with very few pre-existing visual references.
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INTRODUCTION
Neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s affect millions
of people worldwide. The prevalence of Alzheimer’s—the most common form of dementia—is
increasing rapidly, affecting an estimated 24 million people, as of 2012, and expecting to double
every twenty years (Mayeux 2012). Additionally, Parkinson’s disease disturbs the lives of one to
two people per every 1000, increasing to around ~1% of the population above 60 years of age
(Tysnes 2017). Accumulated toxic protein metabolites have been shown to be implicated in the
development of these and many other neurodegenerative diseases by countless research groups.
The relatively novel discovery of the glymphatic system and rapidly expanding understanding of
its function revealed new insights into the pathology of these troubling neurodegenerative
diseases, and is promising in the development of new therapeutic targets. This discovery
encouraged researchers to initiate numerous investigations that aimed to examine the glymphatic
system’s structural components, evolutionary and developmental origins, and its relation to
existing well-studied systems.
In an effort to consolidate this boon of scientific research, PhD student Martin Kaag
Rasmussen assembled an in-depth review paper covering nearly all topics related to the
glymphatic system. In addition to concentrating existing research, scientist Tuomas Lilius and
his colleagues aimed to expand on glymphatic research by demonstrating its therapeutic
applications through the synthesis of AuNPs (gold nanoparticles. These nanoparticles showed
promise as drug delivery conduits by taking advantage of the glymphatic system’s intricate
structure and intimate contact with deep brain tissue
As the scientific field of glymphatic research is still evolving, the availability of
educational visuals is minimal. By creating effective and clear illustrations for several figures in
Martin Rasmussen’s review paper, Tuomas Lilius’ research publication, and Dr. Maiken
Nedergaard’s laboratories, these projects aimed to supplement several fields of science with
limited visual references. Additionally, in a separate project for Dr. Nedergaard, several
illustrations were created focusing on research by Nancy Oberheim into the evolutionary
differences in astrocytes and the implication of these differences in varying species intelligence.
Throughout the completion of this body of artwork, consistent exchange of feedback and figure
iterations was deliberated over e-mail, Zoom calls, and meetings where both the primary
5
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researcher, Martin Rasmussen or Tuomas Lilius, and supervising director Dr. Maiken
Nedergaard were consulted. Ultimately, these illustrations will be included in publications and
websites for the American Journal of Physiology and University of Rochester School of
Medicine and Dentistry.
SCIENTIFIC BACKGROUND
A. Evolution of the CNS, Glymphatic System, and Astrocytes
In most tissues of the body, the lymphatic system, including its network of vessels, lymph
nodes, and accessory organs, is responsible for the drainage of cellular metabolites and other
wastes (Liao 2013). However, until recently, a similar system seemed to be absent from the
central nervous system. The discovery of a network of perivascular channels conducting the flow
of cerebrospinal fluid (CSF) led researchers to investigate the role of the coined “glymphatic
system” (Iliff 2012). How and when this system developed evolutionarily, its relation to the wellknown ventricular system, as well as its role in brain homeostasis triggered several research
projects.
The evolution of the human central nervous system (CNS) can be traced back to the
distinct separation of a central nervous system from a diffuse one. Through numerous
progressive evolutionary branching, unique features of the mammalian nervous system arose
including the differentiation of neuroglia, the development of ventricular cavities, and other
specialized components (Rasmussen 2020). Bilateria separated themselves from non-bilateria
(i.e. hydra and jellyfish) with the first examples of a centralized nervous system appearing in
simple species such as the earthworm and flatworm. Around this same time, the differentiation of
neuroglia—astrocytes, oligodendrocytes, and microglia—into the supportive cells of the CNS
appears to have originated (Rasmussen 2020). Later in evolution, early chordates including the
Urochordate ascidia (tunicates) and Cephalochordate lancelet exhibited the first evolutionary
signs of an enclosed ventricular space containing CSF. As species became more advanced and
their brains expanded in volume, an extrinsic vascular structure dependent on diffusion was
insufficient to provide the necessary nutrients and oxygen to the brain. Surface arteries and veins
began to develop penetrating vessels and create the first intrinsic vascular systems in brains in
primitive vertebrata—hagfish, skates, and other marine fishes (Rasmussen 2020).
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An increase in astrocyte population necessary to support the growing number of neurons
accompanied mammals’ increasing brain volume. Astrocytes neighboring the intrinsic
vasculature began to develop specialized extensions, or endfeet, which formed intimate
connections with the penetrating vessels. Complete coverage of the microvasculature by these
astrocytic endfeet created the foundational boundaries for a perivascular space (Virchow-Robin
space) and first appeared in more advanced reptiles and mammals (Rasmussen 2020). This
perivascular space (PVS) would later be implicated as one of the key components of the
glymphatic system (Iliff 2012). Polarized expression of aquaporin-4 (AQP4), a type of
specialized water channel located in the astrocytic endfeet, was later identified as the key
passageway for the flow of CSF between the PVS and brain interstitium. The combination of a
defined perivascular space and AQP4-expressing astrocyte endfeet is present in only the most
advanced mammals and avian species (Gleiser 2016). Ultimately, investigation into the role of
CSF, Virchow-Robin spaces, and AQP4 channels would help elucidate a better understanding of
the function of the glymphatic system.
For the majority of neuroscience study, differences in species intelligence have largely been
attributed to the processing functions of neurons; however, some recent studies have analyzed
disparities in supporting glia of the nervous system. Protoplasmic astrocytes are a unique
subclass of astrocytes and the most abundant cell population of the mammalian cortex. Although
this cell type is shared amongst mammals, certain discrepancies exist between protoplasmic
astrocytes from one species to another (Oberheim 2009). One commonality observed in both
rodent and human protoplasmic astrocytes is the definition of non-overlapping cell domains.
Despite differences in domain size, both rodent and human protoplasmic astrocytes occupied
their own space in the neuropil such that other glial cells and neuronal processes come in contact
with only a single astrocyte (Oberheim 2008).
Further studies analyzing this cell type in humans and rodents revealed several differentiating
factors including domain size, process count, width, and complexity, and Ca2+ signal propagation
speeds. Rodent protoplasmic (PP) astrocytes maintained domain diameters of 56 ± 2.0 um while
those in humans were more nearly three-fold larger at 142.6 ± 5.8 um in size (Oberheim 2009).
In addition to their greater size, human PP astrocytes extend around ten times more GFAP+ (glial
fibrillary acidic protein) processes, projecting 37.5 ± 5.17 processes versus 3.75 ± 0.115
processes in rodents. The longest of these processes in human astrocytes extended around 97.9 ±
7
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5.2 um, just over 2.6 times the distance of their rodent counterpart at 37.2 ± 2.0 um. When these
processes contact the vasculature in humans, GFAP present in the endfeet forms a cobblestone
expression pattern that completely encases the vessels. In contrast, these same vascularcontacting processes in mice are much more sparsely covered in GFAP which forms a dispersed
rosette expression pattern. While the drastic difference in size and count of processes helps
differentiate PP astrocytes between humans and rodents, the complexity of the processes truly
defines this cell type in humans. Human protoplasmic astrocytes create a dense mesh-like
network of fine processes which intermingle with other components of the neuropil leaving very
little extracellular space within their domains (Oberheim 2009).
B. Ventricular System Development & AQP4 Polarization
The ventricles and their connection to the subarachnoid space (SAS), which subsequently
leads to perivascular Virchow-Robin spaces, is a structural development necessary for the proper
flow of CSF (Jessen 2015). In the adult brain, a system of four ventricles of varying sizes resides
deep within the brain parenchyma. Two lateral, curving ventricles form most of the ventricular
volume and are located within the cerebrum, while a smaller third ventricle connects the two.
Inferior to this central brain three ventricle system is a final fourth ventricle, linked by the
cerebral aqueduct and occupying a space between the cerebellum and pons (Lowery 2009).
In humans, this CSF-filled system develops as early as the fourth embryonic week when
columnar epithelium begins to create the neural plate. Only a few days later this relatively flat
structure undergoes a drastic enfolding to create an open-ended tube—a process referred to as
neurulation (Lowery 2009). Shortly thereafter, the open ends (neuropores) become closed and
the first ventricle cavity is enclosed containing amniotic fluid considered to be the first evidence
of CSF (Rasmussen 2020). Over the next few weeks, cellular proliferation, differentiation, and
apoptosis guide this early neural tube through a series of constrictions, expansions, and flexions.
These modifications to the neural tube create early forms of the primary brain vesicles—the
forebrain, midbrain, and hindbrain—which house connected CSF cavities. Early embryonic
development sees these CSF cavities undergo drastic inflations, massively increasing the volume
of the ventricular system (Lowery 2009). Throughout the remaining months of embryonic
development, the forebrain ventricle eventually splits into the large lateral ventricles and smaller

8

CNS: Glymphatic System
connecting third ventricle. The lesser-sized ventricles within the midbrain and hindbrain morph
to create the thin cerebral aqueduct and fourth ventricle, respectively (Rasmussen 2020).
Although the ventricles are a significant reservoir for cerebrospinal fluid, they are not
sufficient by themselves to guide CSF to deeper regions of the brain parenchyma. Development
of perivascular spaces by the localization of astrocytic vascular endfeet and aquaporin-4 water
channel (AQP4) polarization is critical for proper CSF transport. Researchers were able to
visualize the movement of fluorescent labeled CSF tracers following injection into the cisterna
magna of newborn mice. Imaging over the first two weeks of postnatal development (P0 to P14)
revealed increasingly pronounced tracer influx along cortical and penetrating arteries,
corresponding to parenchymal diffusion in specialized brain regions (Munk 2019). More focused
immunohistochemistry studies correlated CSF tracer influx with the polarized expression of
AQP4 channels to the luminal surface of vascular astrocyte endfeet. At P1, AQP4 expression
was scattered throughout the cortex in a non-localized manner; progressively, by P7 and later
P14, increasing amounts of AQP4 present in vascular endfeet were detected. Together, these
studies show that formation of astrocytic endfeet and AQP4 polarization are events which
consistently coincide with the appearance of perivascular CSF transport (Munk 2019).
C. Glymphatic System Overview and Applications
Perivascular CSF transport provides an intimate environment for the movement and
exchange of cerebrospinal fluid with interstitial fluid of the brain parenchyma. Magnetic
resonance imaging (MRI) using dynamic contrast agents was employed in order to better
visualize the structure of these fluid-flow pathways (Iliff 2013). Directional flow of CSF through
ventricular cavities, the subarachnoid space, and perivascular spaces is guided by several factors.
Together, a combination of arterial pulsatility, vasomotion, CSF pressure gradients, and
respiration creates this convective flow from periarterial CSF influx spaces to the interstitium
and back into perivenous CSF efflux routes (Jessen 2015). Implications of a bulk, convective
fluid flow in the brain lead researchers to investigate the role of this system in the clearance of
harmful neuronal metabolites such as amyloid-β, tau, and α-synuclein. Large, medium, and small
fluorescently labeled tracers were used to analyze the differences in penetration of molecules
into the perivascular spaces and interstitium. In-vivo imaging of the tracers helped visualize their
flow along the perivascular spaces with smaller and medium tracers penetrating the interstitium
9
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at varying rates according to size while larger ones remained in the PVS (Iliff 2012). Differences
in interstertial tracer infiltration were attributed to the roughly 20 nanometer-sized clefts between
adjacent astrocytic endfeet that form one of the key boundaries of the PVS (Mathissen 2010).
The exact mechanism behind CSF filtering is not known; however, research suggests that it is
likely tied to the clefts between neighboring cells or the function of the cells themselves. In order
to confirm the significance of AQP4 to the glymphatic system, genetically modified mice were
bred to be AQP4-null. These mice showed a complete inhibition of the penetration of fluorescent
tracers which were able to enter the interstitum in wild-type mice (Iliff 2012). In addition to
decreased tracer movement, cerebrospinal fluid flux and intrastriatal injected amyloid-β
clearance were respectively cut down by 65% and 55% of their wild-type functioning levels
(Jessen 2015).
How the body maintains the glymphatic system and when it is most effective were questions
that prompted researchers to consider the significance of sleep and age in relation to glymphatic
function. Experiments designed to assess solute clearance were conducted on naturally sleeping
and anesthetized mice which had been injected with radiolabeled 125I-AβI-40. Normally sleeping
and ketamine-administered mice showed similar reductions in their interstitial space volumes
from the sleep (22.7±1.3%) to awake (13.6±1.6%) state (Ding 2013). This reduction in volume
leads to an increased resistance to CSF fluid, lessening the effective amount of fluid influx and
solute clearance. Tests were performed which detailed a more than two-fold higher rate of 125IAβI-40 clearance in sleeping mice compared to those which were fully awake (Ding 2013).
Alzheimer’s and other dementia disorders attributed to the accumulation of toxic metabolites
show an age-dependent onset correlation (Vardarajan 2014). A variety of factors associated with
glymphatic function including the polarization of aquaporin-4 channels and arterial wall
stiffening likely contribute to this accumulation. Vascular polarization of AQP4 is gradually lost
in aging brains as its presence in parenchymal processes increases. Additionally, a reduction in
arterial wall plasticity leads to a stiffer perivascular boundary diminishing a key driving factor of
glymphatic flux (Jessen 2015). The failure of the glymphatic system to maintain a healthy
homeostatic environment with age may provide researchers a clearer target for clinical
applications designed to treat neurodegenerative pathologies such as Alzheimer’s and
Parkinson’s.
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Research with engineered nanoparticles explored the feasibility of delivering therapeutic
agents via the glymphatic system. These nanoparticles would be able to by-pass the strict
filtering of the blood-brain-barrier (BBB) by taking advantage of the glymphatic system’s more
intimate contact with the brain parenchyma. Gold nanoparticles (AuNPs) were coated and
specially synthesized with radioactive labels and administered alongside hypertonic saline (HTS)
solution (Lilius 2020). Imaging using single-photon emission tomography-computerized
tomography (SPECT-CT) magnetic resonance imaging (MRI) allowed for the visualization of
nanoparticle distribution. These experiments revealed the penetration of AuNPs along the
perivascular spaces of arteries in the Circle of Willis and with the aid of HTS, the synthesized
nanoparticles showed increasing diffusion throughout the brain parenchyma. Ultimately, trial
results provided a promising possibility for a novel drug-delivery pathway allowing for enhanced
exposure of the brain to targeted therapeutic drugs (Lilius 2020).
BODY OF WORK
A. Overview
The illustrations generated in the completion of this body of work are designed to capture
key concepts related to the development and evolution of the glymphatic system, its therapeutic
applications, and the characteristics of protoplasmic astrocytes as they relate to differences in
species intelligence. Several figures were created for the publication of PhD student Martin Kaag
Rasmussen’s review paper in the American Physiological Society’s Physiology journal.
Additionally, a few still-in-progress illustrations have been drafted for PhD student Tuomas
Lilius’s research paper on gold nanoparticles and their possible utility in the glymphatic system.
Lastly, an overview figure consisting of a central figure with several focus insets was put
together for display on Dr. Maiken Nedergaard’s University of Rochester, Center for
Translational Neuroscience webpage.
B. Goal of the Artwork
1. Create – schematic illustrations and organized data which capture the development of
ventricular spaces, evolutionary changes in central nervous system anatomy, molecular
characteristics of a possible therapeutic agent, as well as key cellular/molecular attributes
of protoplasmic astrocytes
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2. Demonstrate – how these topics relate to the recently developing research field of the
glymphatic system and its relevance to neurodegenerative diseases

ILLUSTRATION PROCESS
The illustrations for my thesis originated at the request of researcher Martin Kaag
Rasmussen, Tuomas Lilius, and Dr. Maiken Nedergaard. All figures were destined for both web
and print publication through journals such as the American Physiological Society Journal of
Physiology and other primary literature sources and as such were created in CMYK color format
using Adobe Illustrator. At the onset of each figure’s development, scheduled Zoom meetings
allowed Martin, Tuomas, or Dr. Nedergaard to explain, in detail, the scientific topic at hand.
Select topics from each to-be-published paper were given to me at the discretion of the
researcher; it was dictated that artwork was to be created in a relatively simple schematic style
for the reader to be able to easily visualize and understand key facts of a recently maturing
research field. Oftentimes, I was presented with data in the form of charts, timelines, and other
graphs which were to accompany illustrations but required some beautification and organization.
Throughout the evolution of each figure, consistent feedback via email, Zoom meetings, and
document sharing created a cooperative environment between the artist and client (researcher).
FIGURE 1: AQP4 Localization
The goal of this figure, as stipulated by researcher Martin Rasmussen, was to create a
schematic overview of a mouse brain and the penetration of fluorescent CSF tracer at several key
developmental stages as they relate to the movement of AQP4 water channels and astrocytic
endfeet. Martin expressed a desire to create a sectioned view of the brain depicting both coronal
and sagittal planes to convey how CSF tracers expand over the surface of the brain and later
penetrate into deeper brain structures. These illustrations were to be linked to a timeline of
critical developmental events which take place through pre and postnatal stages.
In order to ensure illustration accuracy, 3D reference images of a mouse brain were provided
by Martin and utilized to create a graphic-style depiction of the unique proportions of a mouse’s
optic bulbs, cerebrum, and cerebellum. Molecular structures, however, were not consulted in the
12

CNS: Glymphatic System
creation of the AQP4 endfeet shape as the key concept to convey was not their structure-tofunction but simply their progressive localization to perivascular spaces. The visual
representation of astrocytic endfeet was designed around previous illustrations created by artist
Dan Xue who had also worked in creating illustrations for Martin’s review paper. Early stage
astrocytic endfeet, before perivascular migration is complete, were designed as generic blobshaped structures with no distinct originating process or broadened foot; this decision was made
in order to ensure an easy-to-understand visual distinction between the initial immature PVS
space and the mature one. In addition to design aesthetics, other considerations such as color
choice revolved around maintaining consistent visuals with previously made illustrations. Color
choice for astrocytic endfeet, neurological tissue, and CSF fluorescent tracers were based off this
ideology; as such, artery color was elected to be the paradigm red used in nearly all medical
illustration to identify oxygenated blood carrying vessels and neurological tissue a pale tan, pink
similar to most anatomic artworks. Maintaining consistently easy-to-identify colors prompted me
to select a bright green color for any fluorescent fluids. Although these fluids are not bright green
to the naked eye, Martin and I thought that a bright green color would be most easily recognized
by readers as a “fluorescent” fluid color.
Timeline bars followed specific tick marks stipulated by Martin as being important milestone
days and weeks during pre and postnatal development. To guarantee that readers could
effortlessly identify when events started and ended, I added darker value lines within the bars
that aligned to these milestones. Certain timeline bars, such as the “Neurogenesis” and
“Angiogenesis” were colored pale tan and red, respectively, as these colors thematically aligned
to neurons and blood vessels in other parts of the figure.
The visuals of this figure did not change drastically throughout its development; however,
some small changes, including the cropping of AQP4 localization panels to half-vessels allowing
for better clarity of AQP4 channels, were instituted at the request of Martin Rasmussen. After
some consideration, Martin and I came to a joint decision to make a few alterations to the overall
layout of the figure. The first and most concerning issue with one of the primary iterations of the
figure was that of the border boxes which separated different structural levels. These were later
removed and replaced with inset boxes connected by “magnifying” gradient shapes which better
linked the macro to micro involved in the development of a structurally sound perivascular
space. Additionally, the timeline was moved from its original position at the bottom of the figure
13
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to a more unifying, mid-line position anchored between the illustrations and time bars. Before
final submission, light grey (10% key) boxes were added to the background to stay in theme with
other figures present in the review paper.
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Figure 1: (TOP) Early version of the AQP4 Localization figure before edits were made. At this stage, each
structural level was separated by thick stroke lines, the timeline was disconnected from the illustrations, and
blood vessels were full width. (BOTTOM) Final version of the AQP4 Localization figure where each structural
level is connected by “magnifying” gradients helping convey the idea of macro to micro. Additionally, the
timeline has been shifted to occupy the space between illustrations and timeline bars. This decision was made so
that the reader can better link both the illustrations and milestone events to specific days or weeks in pre/postnatal development.

FIGURE 2: Brain and Ventricular Space Development
This second figure aimed to aesthetically organize key milestone events in the
development of several anatomical features related to cerebrospinal fluid (CSF) including its
production, the formation of mature ventricles, choroid plexuses, and other related structures.
Similar to the first figure, a timeline with tick marks for specific pre and post-natal
developmental milestones would link illustrations of relevant anatomical structures to bars which
represented the duration of these key events. Colored bars delineated the length of time which
developmental events spanned with darker value tick marks placed at specific weeks when these
events started or ended. Initial versions of this figure attempted to capture a significant number
of events, many of which carried lengthy captions attached to them. By discretion of the
researcher, Martin Rasmussen, certain events under the “Parenchymal Organization” umbrella
were removed to better narrow the focus of the figure on events related to ventricles and CSF.
Furthermore, after some consideration, it was decided that the level of text was cumbersome and
distracting; many of these captions were condensed to shorter phrases or events entirely
removed.
Martin provided me related photo references which were used to create sketches of the
unique stages of the neural plate, neural tube, and fully matured brain. Continuing with color
trends established in the AQP4 Localization figure, the brain and other neurological tissue
structures were colored in a light tan and pink. Following discussion with Martin, we felt that
there was too significant of a time gap between the final neural tube folding and the fully
matured brain; revision of the figure included the addition of a three- and seven-month
developing brain in comparable style. In addition to the surrounding neurological tissue, ghosted
light blue forms were added within the brain structures to represent the ventricles as they
expanded and folded throughout their progressive growth.
Towards the end of the figure’s evolution, two new schematic “bars” were added to
convey more complex trends than length of time elapsed. A condensed line graph, titled “Protein
15
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content in CSF” was added with varying line height to help the viewer track the relative amount
of protein present in CSF throughout nervous system maturation. Additionally, a graphic
depiction of the ependymal cell barrier was added which portrays the progressive breakdown of
the barrier and movement of CSF. Finally, the color of several timeline bars was changed to
maintain a cool color scheme, heavy on blues, greens, and purples all created in CMYK.

Figure 2A: Initial version of the figure. Similar to early figure 1, categories of information were separated by
bold, thick strokes which were later removed to better visually link information to illustrations. A large number
of tick marks and captioned phrases sought to capture an immense level of information. Bar titles were initially
placed within their respective bars, with events linked to tick marks and elevated above or depressed below the
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Figure 2B: Final version of figure 2. Two additional developmental stages at 3 and 7 months post-natal were
added and ventricle spaces were ghosted in blue “on top” of the neurological tissue. The timeline was shifted to
the middle of the figure, bar color scheme adjusted, and two new schematic “bars” added.

FIGURE 3: Phylogenetic Evolutionary Tree
The goal of this full-page figure was to organize groups of example species by
compartmentalizing them into “folders” based on shared nervous system features. These groups
of species would progress from left to right following increasingly complex features beginning
with the differentiation of diffuse and central nervous systems and progressing toward the
presence of a functional glymphatic system. Each unique nervous system characteristic would be
attached to a “folder” of species and accompanied by an inset depicting the shared feature. At the
far-right side of the figure, bordering each example species, would be a small illustration of each
organism.
To begin the design process, sketches of each individual example species as well
as inset nervous system structures, were created using referencing photos provided by Martin
17
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Rasmussen. Sketches of example species were translated to simplistic black line-art illustrations
as I felt the bold but graphic look of line art kept the organisms recognizable, even in the limited
space available for them. Additionally, a lack of color would allow them to take a visual
“second” place and guide the viewer towards the more visually appealing inset illustrations.
Pastel-colored folders, secondary to the illustrations but just as important, were placed in the
background to encompass groups of species which shared the nervous system features depicted
in the insets. I elected to use these low value hues to separate the folders from both the simple
style of the line-art organisms and the vibrant colors of the inset illustrations.
The inset illustration sketches were transferred into Adobe Illustrator in a similar fashion;
these illustrations, however, were drawn up in a full-color palette with vibrant reds, greens, blues
and more created in CMYK color mode. Illustrations of diffuse and central nervous systems
were created within example species, flatworm and hydra respectively, and given the typical
yellow to pale-yellow color present throughout numerous other medical illustrations.
Additionally, a set of several neuroglia—astrocytes, oligodendrocytes, and radial glia—was
created with each cell in isolation. Despite all cells falling under the umbrella of “neuroglia,”
each cell type was colored in visually distinct hues to allow the viewer to understand the
variation of neuroglia. Furthermore, a similar illustration to those used in Figure 2 was drafted
with light blue forms depicting ventricles ghosted within surrounding parenchymal nervous
tissue colored in a pale tan gradient. A fifth illustration seeking to capture the complex
neurovasculature in vertebrata made use of the same mouse brain and vasculature sub-figure
used in Figure 1. Two final illustrations captured the complex subarachnoid space and
perivascular space present in only some of the more advanced mammal, avian, and amphibian
species. A small cube “chunk” illustration shows the many-layered structure of the skull, brain,
and meninges with a broad pale blue space representing the CSF-filled subarachnoid space.
Finally, a perspective-viewed vessel complete with red endothelial cells, light-blue CSF filled
perivascular space, and faint tan astrocytic endfeet captures the core focus of the review paper—
the glymphatic system.
The original layout and design of this figure was visually cluttered with inset illustrations
being crowded in the upper left and folders of species overlapping in a confusing manner.
Following some discourse with Martin and a bit of my own consideration, it was decided that
inset illustrations should be condensed and their position adjusted to be more readily linked to
18
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their respective folder of species. Additionally, the strokes linking the illustrations to their groups
of species were replaced with similar gray gradient magnifying shapes used in Figure 1; this
would ideally allow the viewer to follow the line branching of the phylogenetic tree more easily
and not confuse call-out lines with species organizing lines. Furthermore, the placement and
relative sizes of encompassing folders required adjustment to translate the idea of embedded
folders more effectively.

Figure 3A: Line art drafts of example species. From top left to bottom right: mouse, Necturus, lancelet, chicken,
R. erinacea, lamprey, zebrafish, comb jelly, Ascidia, C. elegans, hagfish, D. melanogaster, earth worm, hydra,
octopus, starfish, acorn worm, and human. Final figure located at the end of this thesis paper.
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Figure 3B: Inset illustrations (close-up) of specific nervous system features shared by groups of example
species. (LEFT) From top left to bottom right: ventricle system within a fish’s brain, a single astrocyte, mouse
brain with surface and penetrating vasculature, vessel with AQP4 channels and endfeet forming the PVS.
(RIGHT) From left, moving clockwise: hydra with pale yellow diffuse nervous system “net,” oligodendrocyte
forming myelin sheath, a flatworm and its basic central nervous system, a radial glial progenitor cell with
migrating cell traveling along its projections. Final figure version located at the end of this thesis paper.

FIGURE 4: Capillary Bed Structural Motifs
This figure aimed to create a side-by-side visual comparison of the distinct types of
capillary bed structural motifs and dive into some of the more complex, minute differences
between species present in Figure 3. Researcher Martin Rasmussen provided me with a simple
ball-point pen sketch and a brief overview of the varying intricacies between capillary bed
structural motifs. Initial design of this figure utilized the same pale tan, pink gradient used for
neurological tissue in previous figures while pastel reds and blues were chosen for arterial and
venous vessels in similar scheme to illustrations created by Dan Xue. Martin’s sketches were
used as inspiration and each sub-figure was created directly in Illustrator; branching and
interweaving arterial and venous vessels were created in a simplistic loop capillary bed and more
complex meshwork capillary bed. A continuous gradient from pastel red to blue stretched the full
width of each capillary bed to convey the progressive deoxygenation of blood as it passed
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through the vessel system. Following the larger vessels, a pale blue surrounding shape was added
to depict the cerebrospinal fluid in its minute perivascular space. Lastly, a pattern brush of
simple forms representing astrocytic endfeet—and using a similar design to those in Figure 1—
followed the perivascular space to its unknown termination point deep in the brain parenchyma.
At first, the branching pattern of the meshwork capillary bed was not obvious enough
towards the outer edges while the interweaving capillaries were too numerous and too close
together. Additionally, the surrounding light blue shape representing CSF in the PVS required
some adjustment, particularly in its tapering point and abruptness. Furthermore, original versions
of this figure began “beneath” the brain’s surface and therefore did not depict surface-topenetrating vascular transitions. Martin and I felt that this cropping of the view of the capillary
beds did not clearly convey the path of the PVS as it transitioned from the subarachnoid space
into the area between endothelial cells and astrocytic endfeet. Continuing with edits, the
depiction of the astrocytic endfeet was deemed as distracting and unnecessary to narrow the
focus of the figure only on the difference between capillary bed branching patterns. Finally, the
idea was suggested by researcher Martin Rasmussen to include line-art illustrations of example
species with their respective brains as reference points for the different capillary bed structures.
All of these revisions were instituted in the progression of this figure from origin to final format
for publication.

Figure 4A: Early versions of this figure (left being original, above
being first round of revisions). (LEFT) Abrupt transitioning PVS
spaces, astrocytic endfeet, and improperly proportioned capillaries
with no visible brain surface. (TOP) PVS space transition adjusted,
astrocytic endfeet still present but paths fixed, and properly sized
capillaries. Final figure located at the end of this thesis paper.
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FIGURE 5: History of CSF/Glymphatic Study
As this review paper was covering an extensive range of neuroscientific study, Martin
hoped to create an introductory figure which chronologically organized several of the landmark
discoveries leading up to modern day glymphatic system research. With this idea in mind, I
imagined utilizing a brain-surface artery and its surrounding perivascular space to be the
foundation for a visually interesting representation of a timeline. Originally, I created a twisting
and turning Illustrator-style vessel and brain textured surface with call-out boxes linking events
to their respective point on the “timeline.” This first version was looked over and feedback given
asking for a more rendered image with greater range of value, painterly highlights, and other
artistic elements.

Figure 5A: Original “sketch” version of the timeline figure with previously used pastel palette colors, created in
Adobe Illustrator. Attempts were made to re-use assets by amplifying the size of the brain from Figure 1;
however, the detail and interesting structure of the brain as a whole is lost in this use. Events run from top left to
bottom right while the vessel path appears to run from bottom right to top left (a visual oversight in my original
sketch).
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Figure 5B: Early Illustrator-made version with more vibrant colors, a more unique and interesting
vessel/timeline path, and an attempt to show chronological flow without linking events to the path via leadlines. Final version of figure located at the end of this thesis paper.

With this in mind, I moved to utilize Adobe Photoshop for the first and only time in the
completion of this body of work. More natural and vibrant colors, compared to the pastel palette
common in previous figures, were used in the rendering of the vessel, brain, and PVS. Original
design of event boxes and their captions linked the two elements, event photo and caption, by a
thin connecting segment; however, this was ultimately done away with allowing the caption and
image to reside within a single box and be more clearly tied together. Additionally, the overall
layout of the figure and path of the timeline was revised to have a clearer bottom left to top right
directional flow and call-out boxes were more precisely placed to allow for breathing room
between neighboring events. Finally, after discussion with publishing reviewers, it was suggested
to add a more definitive line on top of the vessel and have lead lines point to this instead of the
vessel itself. Reviewers were concerned that the lead lines may be confused by readers as
pointing to structural landmarks of the vessel rather than correlating to events in time.
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FIGURE 6: AuNP (Gold nanoparticle) Characteristics
The goal of this figure was to create a graphic depiction of the two varieties of labelled
gold nanoparticles including their most important characteristics: gold mass core, PEG2000
coating, and Indium or Gadolinium TA-DOTA tags. Additionally, it was requested by researcher
Tuomas Lilius and his associates to improve the clarity and consistency of color amongst the
data and graphs previously generated by lab software. In order to capture the gold core of these
particles, I elected to make a large golden sphere which occupied a space similar in size to the
schematic provided by Tuomas et al. Next, I sought to interpret the countless PEG2000
polycarbon chains as rigged zig-zag lines, based on the pattern of its skeletal model, radiating
outward off the surface of the gold core. These were colored in an analogous scheme of bluegreens and blue-purples with the aim of creating a high-contrast, color complementing, and
visually interesting image. Skeletal models of the two chemical tags 111In-TA-DOTA and GdTA-DOTA were added as insets to help the viewer understand the relatively minute differences
between the two varieties of nanoparticles. A green gradient glow and grey gradient were added
to the central atom ring of these tags when shrunken down; this color assignment was based on
the manner in which the two particles were imaged, via radioactive Indium or MRI-nuclear spin
Gadolinium, respectively. The justification for this color choice originated from the idea that
green glowing objects are archetypically associated to radioactivity while MRI images are
visualized in black and white. To further emphasize the way in which these particle varieties
differed from one another, small graphic symbols of a radioactive warning and MRI nuclear spin
were added next to their respective skeletal models.
The remainder of the figure consisted of graphs, images, and charts illustrating
information such as mean diameter, absorbance, elution, and radioactivity data. Lab software
generated data was translated into figures using Illustrator in order to maintain consistent color
scheme and design elements such as stroke and gradient. Using a similar gradient to that of the
schematic nanoparticle, gold bars were drawn to create a histogram of mean diameter of PEGcoated AuNPs. Three more data graphs were included to convey the more complex aspects of
AuNPs; colors of lines, curves, and bars were generally replicated in consistent color and design
to the data generated by the lab’s software. In some instances, small adjustments were made to
stroke style and bar color while in other sub-figures additional graphics were added to
supplement the data. For example, the colors of the original side-by-side bars in the last sub24
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figure were altered from their original red and blue to a pale tan and navy blue so that the viewer
would more easily associate them with brain tissue and CSF. Additionally, small graphics of the
PEG-coated AuNPs and 111In-TA-DOTA label were added to the second and third sub-figures to
complement the data.

Figure 6: (TOP) Original data and schematic AuNP figure created by Tuomas Lilius and other lab members.
The organization and order of panels was ultimately changed to give more room for more important elements
(AuNP schematic), requiring the mean size data to be condensed and placed on top of its respective image.
(BOTTOM) First draft of the new AuNP schematic and Illustrator-stylized data; final version at end of paper.
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FIGURE 7 & 8: Mouse MRI/SPECT-CT Imaging Experimental Setups
This figure aimed to illustrate the array of experimental setups used to image the
diffusion of gold nanoparticles. Reference images of laboratory MRI and SPECT-CT machines
as well as the AuNP infusion device were provided to me by Tuomas; to ensure consistent
proportion and perspective, simple 3D models were built from these images using Autodesk
Maya. Renderings were then generated and transformed into Illustrator graphics. In addition to
the larger machine in which the mice sat, small inset illustrations sought to capture the precise
infusion of AuNPs into the cisterna magna. In these illustrations, I elected to show the mouse’s
brain in relation to the overall mouse anatomy by ghosting the brain’s structure within a
proportional mouse head. Initially, I considered depicting the entire mouse secured by a band of
tape and gauze; however, limitations on the size of the overall figure would condense elements
such as the cannula and mouse’s eyes or ears to shapes too small for easy recognition. Generally,
colors throughout these two illustrations were based on the object or animal’s true appearance—
lab machines and mice largely being off-white.

Figure 7A: Some example reference images of the SPECT-CT machine including an overall view (left) and a
close-up on how the mouse lays within its tray, secured by gauze/tape before cannula insertion.
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Figure 7B: (LEFT) Example MRI machine Maya model. This model, along with that of the SPECT-CT
machine an AuNP infusion device were created in Maya using fairly simple modeling techniques. Professional
quality renders were not generated as these would only be used as references for their Illustrator version.
(RIGHT) Original version of a mouse in its experimental “environment” secured with gauze/tape; this view
would later be discarded in favor of a more focused inset on the mouse’s head. Final version of this figure
located at the end of this thesis paper.

FIGURE 8: AuNP Effects of Mouse Behavior
This final review paper figure was created in order to capture mice within several
different experimental setups used to test the effects of gold nanoparticles on normal mice
behavior. In this figure, I was tasked with creating visual examples of three different behavioral
tests—an open field, elevated cross maze, and rotarod—to accompany data which captured
differences and similarities in behavior between hypertonic saline and saline treated mice.
Similar to Figure 7, I sought to maintain consistent proportions and perspective by creating 3D
reference models in Maya which would later be translated to Illustrator-stylized images. These
illustrations only required very minor revisions, primarily to maintain consistent upper-left-hand
lighting or cropping to give the reader better visualization of the mouse in its study habitat.
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Figure 8A: Two of the 3D reference models created in Maya: elevated cross maze (left) and rotarod (right).
These images were captured with default lighting and then small mice sketched on top using Photoshop; the
composites were later transferred to Illustrator for final rendering.

Figure 8B: Illustrator versions of the three different mouse behavioral studies; clockwise from top left: open
field/acute open field, elevated cross maze, and rotarod. In the final version of this figure, some of these fullsized illustrations would be cropped down for the viewer to better visualize the mouse. Final version of figure
located at the end of this thesis paper.
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FIGURE 9: Astrocyte Evolutionary Differences
This idea for this project originated from a discussion with Dr. Maiken Nedergaard on
improving and adding new visuals to her laboratory’s collection of artworks for pre-existing
research. Within the past decade, several papers on astrocyte evolution had been published under
the direction of Maiken Nedergaard and her students or colleagues; these papers lacked any
visuals outside of laboratory imaging data to supplement the text. With this in mind, I thoroughly
examined a few of these publications and integrated the most critical differentiating
characteristics between mouse and human astrocytes into a large, full-page illustration with
several inset sub-figures. Initial design ideas included a centrally placed human and mouse
astrocyte with callouts to highlight particular structural elements, patterns, or other
morphological differences.
One human and one mouse astrocyte were to be created in relative proportion based on
experimental data with their soma shape, process size, and domains interpreted from fluorescentprotein based imagery. Additionally, astrocyte colors (green for human and red for mouse) were
based on the respective green and red fluorescent proteins utilized to visualize them under the
microscope. In creating the color gradients of each cell, attempts were made to create a gradient
which conveyed the high-water content of the cytoplasm with subtle value transitions and
pronounced highlights. Each cell and its processes extended to contact a red stroke (intended to
be a capillary) and cover it with astrocytic endfeet; the scale and shape of these structures were
based on the same experimental imaging data previously used in drawing up the cell soma and
processes. Additional faded-out processes contacted the capillary from “out of view” in order to
communicate the idea that neighboring astrocytes domains were in intimate contact with one
another. Within both astrocytes, cellular organelles were created using analogous or cool color
schemes to create visually appealing cell structures while also not overemphasizing their
importance. This decision was made based on the reasoning that each organelle type depicted
was not a key similarity or difference for the focus of the figure.
In the space surrounding each cell, a dashed-stroke shape was created and filled with a
less vibrant color to convey the concept of an astrocyte’s domain, with the cell’s processes filling
much of the available space. The cell domain of the human astrocyte went through several
revisions and edits, initially appearing as a pale green, progressing to a “hair-covered” version,
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and finally arriving at a Photoshop dot-brush generated pattern. These edits were made after
discussion between me and Dr. Nedergaard led us to the conclusion that a flat pale green value
did not properly depict the complexity of the neuropil within each domain; additionally, the
“hair-covered” appearance of the first revision did not accurately capture the miniscule size and
interwoven nature of the astrocytic fine processes of human astrocytes. As a solution, I opted to
utilize Photoshop to create a JPEG to put in place of the original vector shape. A similar shape
was filled with a pattern of dull yellow and pale green, representing other glial or neuronal
components of the neuropil and astrocyte fine processes, respectively.
The first inset aimed to visually communicate the similarity between human and mouse
astrocytes—non-overlapping geometric patterned domains. Downsized versions of the original
astrocytes were placed within proportionally scaled hexagon shapes; these shapes were tiled in a
small pattern and placed side by side to communicate the shared quality at different scales. In
developing this inset, I maintained the same low vibrance fill and dashed line pattern utilized in
the main illustration so that the viewer could easily draw the connection between both parts of
the figure. A second, two-part inset was added to highlight the complexity of human astrocyte
fine processes and the unique manner in which they interweave with other cellular components
of the neuropil. Reference images provided by Dr. Nedergaard were utilized to create initial
pencil sketches of these odd-shaped structures and the sketches later translated to Illustrator
format vector shapes. In the first panel of this inset, I added subtle gradients and thin highlight or
shadow shapes to the bumpy, twisting astrocyte fine processes; these considerations were made
with the goal of emphasizing the convoluted, overlapping nature of these processes and their
three-dimensional nature. Finally, a pattern of small pale shapes was created to present the idea
of multiple extra-astrocytic elements in the spaces between astrocytic fine processes; the pattern
was confined to a small rea for elaboration in a further in-depth illustration in part two of the
inset. Based on TEM images of these surrounding structures, I created a highly magnified 2D
depiction of the highlighted area from part one of the inset. Surrounding cellular structures, such
as synapses, and organelles, including mitochondria and vesicles, were assembled to create a
schematic representation of the intricate nature of human astrocyte fine processes. Organelles
and other glial structures were elected to only be a pale tan, yellow or value variations of this
color so as to not be visually distracting.
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A third inset was added to highlight the incomplete GFAP (glial fibrillary acidic protein)
coverage of the vessels, a trait present in mouse astrocytic endfeet but not those of human
astrocytes. A dashed red line, matching the color of the mouse astrocyte endfeet in the main
illustration, was used to create the shape of a single endfoot resting upon a stroke representing a
capillary vessel. Within the singular endfoot, the same color, design, and pattern of GFAP
molecule design was repeated to maintain consistency; the way in which GFAP molecules were
distributed within the endfoot was based on fluorescent-imaging data and interpreted as closely
as possible. The color of the capillary underneath was changed from the bright red used in the
main figure to a simple black and white gradient to give greater contrast and better visual clarity
to the very thin GFAP molecules.
Finally, a short, animated GIF (graphics interchange format) was developed utilizing
Illustrator assets and After Effects animation software to convey the differences in Ca2+ wave
propagation speeds between astrocyte types. A tapered tube shape was developed in Illustrator to
stand as a simplified substitute for an astrocytic process, which naturally thins out over a long
and convoluted path. Within the tube, I created a gradient whose colors and relative widths were
based on experimental data from Ca2+ concentration studies. Accordingly, areas of red
represented the most concentrated portions of a Ca2+ signal while areas of blue depicted the least
concentrated. These bands of red, or highly concentrated Ca2+, were animated to move along at a
1:5 relative speed ratio to capture the roughly five times faster calcium wave propagation speeds
in human astrocytes as compared to those in mice.
All of these artworks and a written caption were assembled on a 1920 x 1080 document
at 72 pixels per inch for display on a full-screen monitor. Repeated use of box-to-box insets was
utilized throughout the overall illustration in order to draw attention to the aforementioned
aspects of the astrocytes.
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Figure 9A: Illustrator assets used in the creation of the calcium wave propagation animated GIF. Top left, base
human astrocyte taper tube. Top right, base mouse astrocyte taper tube. Middle, initial gradient created
representing calcium concentration distribution in a typical signal. Bottom, assembled tube and gradient assets.

Figure 9B: (LEFT) Initial version of human and mouse astrocyte with both domains being filled with pale, low
vibrancy variations of the original cell color. (RIGHT) First updated version of human astrocyte where fine
processes were depicted by a hair-like pattern brush. (BOTH) In both versions, the original green color of the
human astrocyte was determined to be a bit muddy and not as vibrant as Dr. Nedergaard had hoped for the final
artwork and vibrancy was ultimately changed to create a brighter astrocyte. Final version of figure located at the
end of this thesis paper.
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CONCLUSION
Overall, this project vastly improved my preliminary research process and appreciation
for scientific accuracy in medical or scientific illustration while challenging my ability to create
effective illustrations with schematic simplicity at fairly small dimensions. The importance of
scientific accuracy was especially critical during the creation of my thesis body of artwork; much
of the artwork was developed for a relatively novel scientific field where future understanding of
the information may partially depend on my illustrations. Throughout the process, the privilege
of working directly with several researchers provided me with an invaluable opportunity to
improve my client-artist interaction, creative ideation, and adaptability to work with complex
scientific topics.
Initially, it was established that these illustrations were to be created for the purpose of
explaining the developmental and evolutionary progression of the glymphatic system for journal
readers to have a more solid foundational understanding of its relation to nervous system
structures which they are already familiar with. Over time, the objectives expanded to encompass
the key characteristics of gold nanoparticles as well as evolutionary differences between
astrocytes; however, the audience and intention remained the same—to educate and inform
journal readers for the advancement of their scientific fields.
Many of these figures challenged me to balance the level of information and detail
requested by the researcher with the relatively small dimension restrictions mandated by the
journal publishers. Additionally, frequent color, line, and other aesthetic decisions were made on
the basis of clarity and ease of understanding which I occasionally found difficulty creating in
each figure’s original design, often requiring multiple revision rounds to achieve a final product.
These projects and their progression from researcher idea to my finished illustration allowed me
the opportunity to get valuable insight from scientists directly involved in the topic at hand
through multiple rounds of revisions and routine discussion. This regular engagement furnished
me with a newfound appreciation for how readers—students, researchers, and educators—would
learn best from the illustrations I created. Considering the need to balance the desires of the
researchers with the regulations of the publisher and my own artistic eye, I believe that the
figures effectively achieved their objectives, allowing readers to connect data to visual examples
with relative ease.
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FINAL ILLUSTRATIONS

Figure 1: AQP4 Localization & Endfeet Development. This figure depicts the structural progression of a mature
glymphatic system at three different levels (overall brain view, endfeet perivascular view, and AQP4 channel
view). These illustrations correlate to timeline marks P1, P7, P14, and Adult on the mid-figure timeline which
also correlates to bars on the bottom half. Labeled bars below the timeline are meant to depict the length over
which certain events elapse.
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Figure 2: Ventricle system development. Multiple stages of the brain’s development along with the contained
ventricles. Similar to the first figure, these illustrations are tied to specific milestone events in development,
connected by bent lead lines. Below the mid-figure timeline are analogous bars delineating the time period over
which these events span. Two additional events “Ependymal cells” and “Protein content in CSF” show more
complex trends than time spanned.
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Figure 3: Evolution of Nervous System Features Phylogenetic Tree. Manilla style folders contain the diverse
branches of organisms by grouping those with similar nervous system features. These nervous system features
are captured by inset illustrations connected through “magnifying” gradient shapes to their respective groups.
Towards the far right of the figure, line-art illustrations of example species.
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Figure 4: History of Glymphatic/CSF Research. This timeline figure exhibits some of the critical events in
cerebrospinal fluid/glymphatic system research throughout the ages. The figure’s background is a textured
painting meant to capture the sulci/gyri of a brain’s surface while the timeline itself is represented by a surface
artery and its perivascular space.
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Figure 5: Capillary Bed Structural Motifs. A side-by-side comparison of the two major types of capillary bed
structures with example species (human and necturus). Red to blue gradients show the transition of blood from
arteriole oxygenated state to venule deoxygenated state. A subtle pale blue gradient depicts structures
(subarachnoid and perivascular spaces) which contain CSF.

Figure 6: AuNP Molecular Characteristics. The main illustration captures the structure of AuNPs in their two
varieties (111In-TA-DOTA and Gd-TA-DOTA), with gold cores, PEG2000 coating, and label tags. Several data
figures show relevant information such as mean diameter, absorbance data, elution data, and radioactivity levels.
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Figure 7: Mouse MRI/SPEC-CT Imaging Exp. Setups. Figure illustrations of a laboratory MRI and SPECT-CT
machine based on Maya-generated reference models. Inset illustrations show a mouse and its brain with a
cannula inserting into the cisterna magna.
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Figure 8: AuNP in HTS/SAL Solutions and their Effects on Mouse Behavior. Three illustrations depict a mouse
in different experimental setups used to assess mouse behavior; these illustrations are aligned in a row with
relevant data.
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Figure 9: Human vs Mouse Astrocytes. This multi-part figure compares and contrasts several features of
astrocytes ranging from morphological variations in size and complexity to functional differences in signal
propagation speeds. The caption reads: “Inset A: Both human (green) and mouse (red) protoplasmic astrocytes
occupy individual domains with little to no overlap between adjacent astrocyte processes. Although these
supporting cells of the nervous system establish similar non-competing spaces, the scale at which they do so
differs drastically. Main: Human astrocytes are around three-fold times larger than those of mice, averaging 150
micrometers in diameter versus 56 micrometers, respectively. In addition to their increased size, human
astrocytes project a notably larger number of primary process with greater length. An average human
protoplasmic astrocyte sends out 37.5 +/- 5.17 processes while the average mouse counterpart extends a mere
3.75 +/- 0.115 processes. Inset B1/B2: A unique feature of human astrocytes is the countless number of fine
(perisynaptic) processes that interweave among the other cellular components of the neuropil. These form an
extremely dense mesh (or haze) around the main astrocyte cell body that fills the cell’s domain. Inset C: GFAP
(glial fibrillary acidic protein) is an abundant chemical marker of astrocytes frequently used in order to image
these cells. Where the processes of each type of astrocyte reach the vasculature and establish endfeet, the
patterning of this protein differs significantly. While GFAP forms a cobblestone pattern that completely covers
capillaries in human astrocyte endfeet, this same protein forms incomplete rosette arrangements in mice. Inset
D: In addition to their morphological differences, chemical signaling speeds via calcium wave propagation vary
significantly between human and mouse protoplasmic astrocytes. High calcium levels (indicated by bright red)
carry signals at velocities of around 43.4 +/- 4.7 um/s in human astrocytes (up to 5 times faster than those in
mice at 8.6 +/- 0.6 um/s).”
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